Ontology (GO) databases to construct a competing endogenous RNA (ceRNA) network of mRNAs, long noncoding RNAs (lncRNAs), and microRNAs (miRNAs).
Background
Thyroid cancer is the most common primary endocrine malignancy. During the past 30 years, the reported incidence of thyroid cancer has increased, which is partly due to improvements in cancer screening and detection, but there has also been an increasing incidence [1, 2] . In 2017, thyroid cancer represented approximately 3.4% of new cases of cancer in the USA [3] .
Primary malignancy of the thyroid gland originates from parafollicular C-cells and follicular cells, with follicular-cell derived cancer being more common. Medullary thyroid cancer (MTC) is usually a low-grade malignancy that accounts for 5-10% of primary thyroid cancer and is the only thyroid malignancy that originates from parafollicular C-cells. Follicular cell-derived thyroid cancer can be divided into differentiated thyroid cancer (DTC), poorly differentiated thyroid cancer (PDTC) and anaplastic thyroid cancer (ATC). ATC and PDTC are uncommon forms of thyroid cancer, representing less than 5% and 6.7% of thyroid cancer respectively, but typically exhibit aggressive clinical behavior with poor prognosis. Of the DTCs, papillary thyroid cancer (PTC) is the most common form, representing more than 80% of all cases of thyroid cancer, while follicular thyroid cancer (FTC) is the second most common thyroid cancer accounting for 10% of cases. DTC generally exhibits far less aggressive behavior than PDTC and ATC, and patients usually have a good prognosis although rapid progression and the poor clinical outcome can occur in some cases. Clinical diagnostic challenges also exist for the DTCs as fine-needle aspiration biopsy (FNAB) and ultrasonography are not sufficient to distinguish this tumor from benign thyroid nodules, which may lead to overdiagnosis and overtreatment. Therefore, the identification of new molecular biomarkers for the diagnosis and prognosis of thyroid cancer is important to improve treatment strategies, including for patients with DTC [4] .
Although thyroid cancer is a multifactorial disease, inherited and acquired genetic alterations play a critical role in the in the development of this cancer and have been extensively studied [5] . Some of the most widely studied gene changes include mutations in the BRAF gene, RET/PTC gene rearrangements, RAS gene mutations, and PAX8-PPARg gene rearrangement [6] [7] [8] .
With the emergence of high-throughput sequencing methods, approximately 20,000 pseudogenes have been identified [8, 9] . Long non-coding RNA (lncRNA) and microRNA (miRNA) may act as pseudogenes, by modifying and regulating gene expression. Recently, lncRNAs and miRNAs have been shown to have a role in many types of cancer, including thyroid cancer. For example, lncRNA AB074169 was reported to exhibit tumor suppressive properties by targeting KHSRP-mediated p21 expression [10] and lncRNA GAS5 was found to act as a competing endogenous RNA (ceRNA) to modulate PTEN expression by targeting miR-222-3p in papillary thyroid cancer [11] . Therefore, the hypothesis that drove the present study was that a network consisting of mRNA, lncRNA, and miRNA might have a role in the pathogenesis of thyroid cancer.
Therefore, the aims of this study were to use RNA expression profile bioinformatics data from cases of thyroid cancer from the Cancer Genome Atlas (TCGA), the Kyoto Encyclopedia of Genes and Genomes (KEGG), and the Gene Ontology (GO) databases to construct a ceRNA network of mRNAs, lncRNAs, and miRNAs. The study also included survival analysis and KEGG functional analysis to provide new understanding of the role of the ceRNA network in the pathogenesis and progression of thyroid cancer.
Material and Methods
The Cancer Genome Atlas (TCGA) patient and sample information RNA sequencing data of 515 cases of thyroid cancer and 56 normal thyroid tissues were downloaded from The Cancer Genome Atlas (TCGA) on April 2018. The Illumina HiSeqRNASeq and Illumina HiSeqmiRNASeq platforms were used to generate the mRNA and microRNA (miRNA) expression profiles of each sample. The National Cancer Institute (NCI) Genomic Data Commons (GDC) Data Transfer Tool (https://gdc.cancer.gov/access-data/gdc-data-transfer-tool) was used to download clinical information and the gene expression profiles from level 3 mRNASeq and miRNA-Seq. The study met the publication guidelines provided by TCGA (https://cancergenome.nih.gov/publications/ publicationguidelines). No ethical approval was required for the study as all patient data were acquired from TCGA.
Identification of differentially expressed RNA
To identify the differentially expressed mRNAs, long non-coding RNAs (lncRNAs), and miRNAs in thyroid cancer compared with normal tissues, the DESeq R package analyzed high-throughput sequencing data on differentially expressed RNAs [12] , R software was utilized with thresholds set at log 2 fold change >2, and a false discovery rate (FDR) or adjusted P-value <0.01. ENSEMBL (htps://www.ensembl.org/) was used to annotate the differentially expressed mRNAs and lncRNAs.
Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis Analysis of the Gene Ontology (GO) database was performed to further study the potential biological processes and pathways of the differentially expressed RNAs. The Annotate, Visualize and Integrate Discovery Database (DAVID 6.8) (http://david.abcc.
ncifcrf.gov/) [12] was used for GO analysis, with the significance level set at a FDR <0.05. KEGG pathway analysis was performed with the KEGG Oncology-Based Annotation System 3.0 (KOBAS 3.0) (kobas.cbi.pku.edu.cn/) with the significance level set at an adjusted P-value <0.05. To generate the data plot, the GOplot package in R was used. Cytoscape version 3.6.1 [13] was used for assembly and visualization of the network.
Construction of the lncRNA, miRNA, and mRNA ceRNA network A ceRNA network was constructed, as lncRNAs are believed to be able to adhere to miRNAs and prevent them from binding their target genes [11] . To change the miRNA sequences, the starBase version 2.0 database (http://starbase.sysu.edu.cn/) was used. The MIRanda database (http://www.microrna.org/) was used to predict the interactions between lncRNAs and miRNAs. The target genes of miRNAs were predicted with miRDB (http://www.mirdb.org/), miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/) [14] , and TargetScan (http://www.targetscan.org/) databases. Also, differentially expressed miRNA were used to select the intersecting lncRNAs and mRNAs. The ceRNA network consisting of lncRNA, miRNA, and mRNA was constructed and visualized with Cytoscape version 3.6.1. The significance level was set at log2 fold change >2, and P<0.05.
Survival analysis and risk scoring
The differentially expressed mRNAs underwent Kaplan-Meier analysis and the log-rank test to identify the mRNAs associated with to overall survival (OS). P<0.05 was considered as statically significant. Univariate Cox regression analysis was applied, where P<0.01 was considered as statistically significant. The mRNAs that were significantly associated with OS in univariate Cox regression were further analyzed using a multivariate Cox regression model. A risk scoring system was established following the results of the multivariate Cox regression model where patients were grouped into a low-risk and a high-risk group, based on the median risk score calculation. Kaplan-Meier survival analysis with the log-rank test and receiver operating characteristic (ROC) analysis was performed to assess the results of the risk scoring system. All survival analysis was performed in R using the R package ('survival').
Results
Characteristics of the patients with thyroid cancer from the Cancer Genome Atlas (TCGA) database
The Cancer Genome Atlas (TCGA) provided clinical information for 507 of 515 patients with thyroid cancer. The clinical features, including the histopathology, tumor grade and stage, patients age and gender are summarized in Table 1 . The median patient age was 46 years (range, 15-89 years). The histological subtypes of thyroid cancer including follicular carcinoma, classical papillary carcinoma, follicular variant of papillary carcinoma, tall cell papillary carcinoma and other not specified subtypes, which were included in the TCGA dataset, although the majority of cases were classical papillary thyroid carcinoma. The median follow-up time was 9.46 years (range, 0-54.23 years).
Differentially expressed mRNAs from the Gene Ontology (GO) database A total of 1,098 mRNAs were considered to be differentially expressed, of which 234 (21.3%) were down-regulated, while 864 (78.7%) were upregulated. The mRNA expression profiles are visualized using volcano plots (Supplementary Figure 1) . To investigate the biological mechanisms of these differentially expressed genes, the Gene Ontology (GO) database analysis was conducted. GO enrichment analysis showed that 19 significant functions were involved through these mRNAs (P<0.01) ( Figure 1A ). Thirty mRNAs were enriched in the plasma membrane, which represented the majority in the analysis. Based on the z-scores, the extracellular region was dominated by upregulated mRNAs, while the external side of the plasma membrane was dominated by downregulated mRNAs ( Figure 1B ). All enriched mRNA expression relationships are demonstrated in the plot shown in Figure 1C .
Prognosis-related mRNAs
Patients were divided into low-expression and high-expression clusters based on the median differentially expressed mRNAs. As a result, a total of 101 mRNAs were identified as related to overall survival by Kaplan-Meier survival analysis (P<0.05) ( Table 2 ). Sixteen of these mRNAs were verified with univariate Cox regression (Table 3) . Multivariate Cox regression analysis identified a seven-signature mRNA expression profile predictive of overall survival (OS) (Table 4, Figure 2A ). Based on these results, a risk model was established, which showed that the seven signature mRNAs were significantly associated with OS (P<0.05) ( Figure 2B ). The discriminative value of the risk scoring system was determined with receiver operating characteristic (ROC) analysis, with an area under the curve (AUC) discriminative value of 0.88 ( Figure 2C ). This risk scoring system had a high sensitivity and specificity (93% and 100%, respectively) in predicting OS. The high-risk scoring group represented a promising finding in the use of this approach to predict OS in patients with thyroid cancer.
The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
A total of nine KEGG pathways were found to be enriched based on the 101 survival-related mRNAs ( Figure 3A ). As shown in Figure 3B , the neuroactive ligand-receptor interaction represents the highest cancer-related pathway, which contains 39 mRNAs, followed by transcriptional misregulation in cancer mRNAs. In the network diagram, all the KEGG related mRNAs and expression levels are visualized, the blue genes represent upregulation while the green genes represent down-regulation and the pathways are represented in red ( Figure 3C ). The pathway identities are described in Table 5 .
Construction of the competing endogenous RNA (ceRNA) network of mRNAs in thyroid cancer
To further understand the function of the differentially expressed mRNAs in thyroid cancer, a ceRNA network composed of mRNA, lncRNA, and miRNA was created that predicted the lncRNA and miRNA interactions. As a result, 492 lncRNAs (397 upregulated and 95 down-regulated) and 72 miRNAs (67 upregulated and five down-regulated) were identified as differentially expressed in thyroid cancer. The lncRNA and miRNA expression levels are shown in the volcano plot and heat map (Supplementary Figure 1B, 1C) . A total of 31 lncRNAs were targeted by 12 key miRNAs described in the ceRNAs network (Table 6 ). Also, 13 mRNAs were predicted to be targeted by seven key miRNAs (Table 7) . In this ceRNA network, four lncRNAs and all miRNAs were down-regulated, while 27 lncRNAs and mRNAs were upregulated (Table 8, Figure 4) .
Then, the dysregulated ceRNA network was constructed with differentially expressed RNAs, including 31 lncRNAs, seven miRNAs, and 13 mRNAs. The results indicated that differentially expressed lncRNAs could indirectly interact with mRNAs through miRNAs in thyroid cancer. The ceRNA network is illustrated in Figure 5 , where the red genes represent upregulation and the green genes represent down-regulation. To further identify the differentially expressed RNAs with prognostic significance, Kaplan-Meier survival analysis was used. As a result, two of 31 differentially expressed lncRNAs (MIR181A2HG and OPCML-IT1) and one of seven differentially expressed miRNAs (miR-184) were significantly associated with OS (logrank test, P <0.05) ( Figure 6 ).
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Discussion
Thyroid cancer is a multifactorial disease, and although the molecular changes associated with this cancer have been extensively studied in the past, clinical challenges still exist. In this study, RNA expression profile bioinformatics data from cases of thyroid cancer from the Cancer Genome Atlas (TCGA), the Kyoto Encyclopedia of Genes and Genomes (KEGG), and the Gene Ontology (GO) databases were used to construct a competing endogenous RNA (ceRNA) network of mRNAs, long noncoding RNAs (lncRNAs), and microRNAs (miRNAs). The study identified 1098 mRNAs, 492 lncRNAs, and 72 miRNAs associated with differentiated thyroid cancer compared with normal thyroid tissue, 101 of the mRNAs were found to be associated with overall survival (OS), and a risk scoring system of seven signature expression profiles was established. A ceRNA network was then constructed consisting of 13 mRNAs, 31 lncRNAs and seven miRNAs, where two lncRNAs and one miRNA were identified as associated with patient prognosis in thyroid cancer.
Of the 1,098 mRNAs that were significantly differentially expressed in thyroid cancer, GO functional enrichment analysis showed that these genes were mainly enriched in the plasma membrane. Interestingly, several previous studies have shown that a large number of genes located in the plasma membrane have roles in thyroid cancer [15, 16] . In this analysis, 101 differentially expressed mRNAs were shown to be related with OS, and these results were consistent with several previous reports, confirming the associations of some of these genes with prognosis. Luo et al. demonstrated that overexpression of the CHI3L1 gene was significantly associated with tumor metastasis and reduced OS in patients with thyroid cancer [17] . Also, CLDN10, E2F1, and HLA-G gene expression have been previously reported to be associated with poor survival in thyroid cancer [18] [19] [20] , which are findings that support those of the present study. combined gene expressions was good with receiver operating characteristic (ROC) area under the curve (AUC) discriminative value of 0.88. However, none of these seven genes (ADRA1B, FNDC4, GGCT, NLGN1, OR4D10, PCOLCE2, TEKT1) have previously been reported to be associated with thyroid cancer. The prognostic value of this set of seven genes remains to be confirmed and validated in future studies.
The KEGG pathway analysis in this study showed that the mRNAs of 39 genes were enriched in the neuroactive ligand-receptor interaction, including GABRB2 and MLNR. Previous studies have reported that these two genes have a strong correlation with lymph node metastasis in papillary thyroid cancer [21, 22] . In addition to studies on mRNAs, an increasing number of studies have shown that lncRNAs play a critical role in thyroid cancer. However, the relationship between differentially expressed lncRNAs, miRNAs, and mRNAs remains unclear. However, the findings of the present study showed that all the differentially expressed lncRNAs in the ceRNA network were upregulated, except for AC006305.1, AC002511.1, MIR4500HG, and AC004832.1. None of these four lncRNAs have been previously reported in the literature in association with thyroid cancer.
However, in the present study, all differentially expressed miRNAs were down-regulated, and of these differentially expressed miRNAs, miR-144 and miR-31 have previously been reported to be associated with thyroid cancer. Guan et al. reported that down-regulation of miR-144 could promote thyroid cancer cell invasion by targeting the ZEB1 and ZEB2 genes, suggesting that miR-144 is acting as a tumor suppressor in thyroid cancer [23] . Wu et al. showed that miR-31 inhibited proliferation of thyroid cancer cells by targeting the RNA-binding protein, HuR, which modulates mRNAs [24] . Therefore, the results of the present study indicate that all the differentially expressed miRNAs involved in the constructed ceRNA network may function as tumor suppressor genes, although the specific functions need to be validated by further mechanistic studies.
In the present study, the ceRNA network that was developed for thyroid cancer included only two lncRNAs (MIR181A2HG and OPCML-IT1) and one miRNA (Mir-184) that could predict patient survival. The MIR181A2HG gene, as a MIR181A2 host gene, has been previously reported to be overexpressed in the thyroid, but the function of MIR181A2HG remains unknown [25] . Also, the function of OPCML-IT1 also remains unclear. Mir-184, which was found to be down-regulated in the ceRNA network in this study and was associated with increased OS, has previously been reported to have a role in increasing cell proliferation oral squamous cell carcinoma and in accelerating the development of resistance to chemotherapy [26] . However, the function of miR-184 in thyroid cancer requires further study.
Conclusions
This study used data from patients with thyroid cancer from the Cancer Genome Atlas (TCGA), the Kyoto Encyclopedia of Genes and Genomes (KEGG), and the Gene Ontology (GO) databases to construct a competing endogenous RNA (ceRNA) network of mRNAs, long noncoding RNAs (lncRNAs), and microRNAs (miRNAs). The study identified differentially expressed mRNAs, lncRNAs and miRNAs related to thyroid cancer progression and prognosis. Some of these RNAs may represent diagnostic or prognostic biomarkers in thyroid cancer but require further validation and study. Also, future studies with functional experiments are needed to determine the specific functional roles of the components of the ceRNA network in thyroid cancer. 
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